a2 United States Patent

Frewin et al.

US009211401B2

US 9,211,401 B2
*Dec. 15, 2015

(10) Patent No.:
(45) Date of Patent:

(54)

(735)

(73)

")

@
(22)

(65)

(63)

(60)

(1)

(52)

(58)

CUBIC SILICON CARBIDE IMPLANTABLE
NEURAL PROSTHETIC

Inventors: Christopher Leroy Frewin, Tampa, FL
(US); Stephen E. Saddow, Odessa, FL.
(US); Edwin Weeber, Apollo Beach, FLL

(US)

Assignee: University of South Florida, Tampa, FLL
(US)

Notice: Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 829 days.

This patent is subject to a terminal dis-
claimer.

Appl. No.: 13/479,631

Filed: May 24, 2012

Prior Publication Data

US 2012/0232631 Al Sep. 13, 2012

Related U.S. Application Data

Continuation of application No.
PCT/US2010/058376, filed on Nov. 30, 2010.

Provisional application No. 61/265,148, filed on Nov.
30, 2009.

Int. Cl.
AGIN 1/00 (2006.01)
AGIN 1/05 (2006.01)
(Continued)
U.S. CL
CPC .......... A6IN 1/0529 (2013.01); A61B 5/04001

(2013.01); C23C 16/325 (2013.01); Y10T
29/49194 (2015.01)
Field of Classification Search
CPC i AG61B 5/04; HO1R 43/00
USPC e 607/377,373
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

4,461,304 A
5,855,801 A

7/1984 Kuperstein
1/1999 Lin et al.

(Continued)

FOREIGN PATENT DOCUMENTS

WO
WO

0172201 A2
2009012502 Al

10/2001
1/2009

OTHER PUBLICATIONS

V.Y. Aristov, et al., “Graphene Synthesis on Cubic SiC/Si Wafers.
Perspectives for Mass Production of Graphene-Based Electronic
Devices,” Nano Letters, vol. 10, pp. 992-995, Mar 2010.

(Continued)

Primary Examiner — Catherine Voorhees

Assistant Examiner — Roland Dinga

(74) Attorney, Agent, or Firm — Michele L. Lawson; Smith
& Hopen, P.A.

(57) ABSTRACT

An implantable neuronal prosthetic and method of manufac-
ture thereof includes at least one elongated electrode shank
adapted for arrangement in the brain having at least one
electrode contact disposed on its surface and arranged to
electrically couple with said brain. The at least one elongated
electrode shank is formed form a single crystal cubic silicon
carbide. Aninsulation layer of amorphous, polycrystalline, or
single crystal silicon carbide is disposed over the elongated
electrode shank; the insulation layer of amorphous, polycrys-
talline, or single crystal silicon carbide is removed from the at
least one electrode contact. Signal control electronics are
attached to the at least one elongated electrode shank and are
in electrical communication with the at least one electrode
contact. In an embodiment, a plurality of the at least one
elongated electrode shanks are arranged into a matrix.
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1
CUBIC SILICON CARBIDE IMPLANTABLE
NEURAL PROSTHETIC

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of International Appli-
cation No. PCT/US2010/058376, entitled “Cubic Silicon
Carbide Implantable Neural Prosthetic,” filed on Nov. 30,
2010, which claims priority to U.S. Provisional Patent appli-
cation No. 61/265,148, entitled “Cubic silicon carbide as a
biocompatible material for the construction of planar neural
prosthetic,” filed on Nov. 30, 2009, the contents of which are
hereby incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to the field of medical devices. More
specifically, it relates to an implantable neuronal prosthetic
and method of manufacture thereof comprised of biocompat-
ible cubic silicon carbide.

2. Description of the Prior Art

The brain machine interface (BMI) offers therapeutic
options to relieve many individuals suffering from central
nervous system (CNS) or peripheral nervous system (PNS)
disabilities due to disease or trauma. The central component
of'the BMI system is the neuronal prosthetic which interacts
within the brain with the body’s electrophysiological signals.
Implantable neuronal prosthetics have the ability to receive
electrical signals directly from neurons or muscles and to
deliver electrical signals to these same cells, providing a
means for a closed loop BMI systems. These devices are
unfortunately still regulated to experimental BMI systems
dueto asevere long term in vivo reliability issue. Specifically,
device failure over time is thought to arise from lowered
material biocompatibility that activates the immune response
of the body. For example, the “foreign body” response from
the support cells in the CNS, the glia, escalates the levels of
harsh chemicals in the implant area and leads to the eventual
encapsulation of the device. Not only is the glial response
unsuitable, but BMI electrode devices are extremely vulner-
able to changes in impedance, and the resulting encapsulation
cause the devices to fail within months after encapsulation.

Accordingly, what is needed is an implantable neuronal
prosthetic and method of manufacture thereof that is capable
of being implanted in the body for extended periods of time
without failure. However, in view of the prior art considered
as a whole at the time the invention was made, it was not
obvious to those of ordinary skill how to provide such a
neuronal prosthetic.

SUMMARY OF THE INVENTION

Generally speaking, the claimed invention is an implant-
able neuronal prosthetic and method of manufacture thereof
for placement in a brain of a patient for receiving and sending
electrical signals. The implantable neuronal prosthetic
includes at least one elongated electrode shank formed form
a single crystal cubic silicon carbide that is adapted for
arrangement in the brain. Single crystal cubic silicon carbide
is a biocompatible, chemically inert, physically strong and
elastic semiconducting material. At least one electrode con-
tact is disposed on the surface of the at least one elongated
electrode shank and is arranged to electrically couple with the
brain. The at least one electrode contact is formed of a con-
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2

ductive material, such as, for example, gold, platinum, plati-
num-iridium alloys, iridium oxide, stainless steel, tungsten,
or titanium nitride.

An insulation layer consisting of amorphous, polycrystal-
line, or low temperature deposited crystalline silicon carbide
is disposed over the elongated electrode shank. The silicon
carbide insulation layer is removed from the active area of at
least one electrode contact. Signal control electronics are
attached to the at least one elongated electrode shank and are
in electrical continuity with the at least one electrode contact.

In an embodiment, a plurality of the elongated electrode
shanks is arranged into a matrix.

The implantable neuronal prosthetic interacts directly with
single or small groups of targeted neurons within the CNS or
PNS. The prosthetic uses the chemical-ionic interaction
between the electrodes and the extracellular electrolyte media
of'the CNS/PNS to electrically stimulate neurons and, in turn,
receive the electrochemical signals they generate. The pros-
thetic serves as a prime component for an implantable BMI
that is used to bridge neural signals over damaged areas,
transport signals from the brain to an external machine, or
receive signals from a sensor or similar device and transport
them directly to neurons within the CNS.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken in
connection with the accompanying drawings, in which:

FIG. 1 is an abstract representation of an implantable neu-
ronal prosthetic, with the base of the shank exploded to show
details and an inset showing a manufactured 3C—SiC shank
and with 2 photographs of 3C—SiC shanks constructed with
the processes named in this invention;

FIG. 2(a) depicts the method of manufacturing an implant-
able neuronal prosthetic;

FIG. 2(b) depicts the method of manufacturing an implant-
able neuronal prosthetic;

FIG. 2(c) depicts the method of manufacturing an implant-
able neuronal prosthetic; and

FIG. 2(d) depicts the method of manufacturing an implant-
able neuronal prosthetic.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

In the following detailed description of the preferred
embodiments, reference is made to the accompanying draw-
ings, which form a part hereof, and within which are shown
by way of illustration specific embodiments by which the
invention may be practiced. It is to be understood that other
embodiments may be utilized and structural changes may be
made without departing from the scope of the invention.

The claimed invention includes an implantable neural
prosthetic having a shank formed of cubic silicon carbide
(also referred to as B-SiC or 3C—SiC). Cubic silicon carbide
is a biocompatible material that prevents encapsulation of the
neural prosthetic due to glial response. It has immense mate-
rial strength that enables the prosthetic to be less invasive; it
also has excellent elasticity for a semiconductor material,
which combats problems with micro-motion, and can be
grown on Si, which allows for direct integration with the
electronics required for signal processing and generation.

The claimed invention also includes electrode contacts
disposed on the surface of the cubic silicon carbide shank.
The electrode contacts are formed of any suitable conductive
material; for example, the electrode contacts may be formed
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from the group consisting of gold, platinum, platinum-iri-
dium alloys, iridium oxide, stainless steel, tungsten, titanium
nitride, or other suitable material.

As depicted in FIG. 1, the general design for the implant-
able neural prosthetic is denoted as numeral 10. The implant-
able neural prosthetic 10 includes a shank 12 formed on the
base material, cubic silicon carbide. The shank 12 includes
electrodes 14 deposited on its surface. Electronics 16 for
signal generation, switching control, signal filtering, digiti-
zation, wireless transmission, and power control are disposed
on Si base 18, which is connected to shank 12. Si is used for
the device circuitry due to the fact that the architectures
required for their construction are well known in industry and
much easier to accomplish in Si than in the chemically resis-
tant and hard SiC material. Amorphous SiC is deposited over
the Si Electronics 16 to hermetically seal and protect them
from the harsh body environment. An insulating layer con-
sisting of amorphous SiC, polycrystalline SiC, or low tem-
perature crystalline SiC is also deposited over the electrodes
14, with portions of the insulating SiC removed around the
electrode 14 to allow the electrodes 14 to be in direct contact
with the neuronal environment.

Multi-shank devices may be constructed on a single wafer
and these multi-shank planar constructions can be joined into
a matrix.

The method of manufacture of the cubic silicon carbide
neural prosthetic 10 is shown in FIG. 2(a)-2(d). The process
begins with the chemical vapor deposition (CVD) growth of
cubic silicon carbide 20 on a Si substrate wafer 22, as shown
in FIG. 2A. In an embodiment, the cubic silicon carbide is
grown in a two stage process. The wafer is placed in a chemi-
cal vapor deposition reactor which is purged and evacuated of
gasses. Hydrogen and a carbon precursor, such as propane,
are introduced into the chamber, which is heated by RF induc-
tion of a graphite susceptor to a temperature of 1150-1250° C.
This temperature is held constant for five minutes to allow
carbon to react and bind with silicon to form a cubic silicon
carbide template layer. The temperature is then increased and
a Si precursor, such as silane, is added to the gas flow. Heating
continues until the temperature approaches the melting point
of'Si (1410° C.) and is held constant just under the Si melting
point (1385-1390° C.), which allows continued growth of the
cubic silicon carbide crystal film. When the process is com-
plete, heating is removed and the wafer is cooled in Ar gas. In
this embodiment, the device uses a 10-25 pm thick films of
cubic silicon carbide.

As shown in FIG. 2(b), the cubic silicon carbide 20 and Si
wafer 22 are cleaned and patterned for electrode deposition
using standard ultraviolet photolithography techniques. Elec-
trodes 24 can be any biocompatible conductive material like
gold, platinum, platinum-iridium alloys, iridium oxide, stain-
less steel, tungsten, or titanium nitride. Electrode deposition
can be accomplished using various semiconductor industry
techniques like electron beam heating deposition, sputter
deposition, cathodic arc deposition, physical vapor deposi-
tion (PVD), or CVD. The electrodes 24 require an insulating
coating which prevents charge bleed over the length of the
electrode 24 and reduces cross talk between electrodes 24.

Amorphous SiC 26, as shown in FIG. 2(c), is used as the
insulating material. This material is deposited by plasma
enhanced chemical vapor deposition (PECVD) at low tem-
perature (150-450° C.). For electrodes which can withstand
higher temperatures, electrodes can be insulated with poly-
crystalline SiC (deposition at temperatures lower than
approximately 800° C.) or intrinsic single crystalline SiC
(deposition temperatures above 800° C.). Windows 28 are
opened around the electrodes 24 at the end of the shank to
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allow for the generation of the extracellular cerebral spinal
fluid/electrode electrolysis connection. This is accomplished
on the device by protection with photolithographic polymers
or metals and then using deep reactive ion etching (DRIE) to
remove the insulating SiC 26 above the electrodes 24 so they
can form contact with target neurons in the CNS/PNS.

As shown in FIG. 2(d), photolithography is used to deposit
a combination of polymers and a metal which are used to
generate the shank as well as preserve the completed elec-
trode surface during further processing. DRIE etches through
the exposed insulating 26 and base 3C—SiC 20, stopping at
the Si 22 layer to form the sidewalls of the shank. The wafer
is reversed, placing the electrode side onto a handle wafer,
and the Si base wafer 22 is completely removed using either
wet anisotropic etching (potassium hydroxide (KOH)) or
DRIE etching. This process produces the released, freestand-
ing 3C—SiC electrode and shanks, which are then cleaned of
the protective metal and polymer coating.

The completed shank devices are attached to electronics to
facilitate signal transmission and recording. A fully-implant-
able device includes electronics for conditioning and ampli-
fying received signals (via amplifiers/filters, etc.), signal gen-
eration to excite an action potential from neurons or muscles
(transmission), a control system to manage the signals, wire-
less communication, and power management. Power for the
device can be either delivered with rechargeable batteries
and/or inductive wireless generation. Although electronics
canbe generated in 3C—SiC, they can more easily be realized
in Si. The latter method implies that Si electronics are realized
separately and then attached (both electrically and physi-
cally) to the 3C—SiC device structure through standard semi-
conductor die bonding techniques. The vulnerable Si elec-
tronics are then hermetically sealed with a chemically
resistive, low temperature deposition, biocompatible mate-
rial, like amorphous silicon carbide, to protect it from attacks
from the body’s immune system. An alternative method to
facilitate the onboard electronics. One way to archive this
goal is to preserve part of the Si substrate upon which the
3C—SiC was grown upon for electronics implementation.
The required electronics are realized in the preserved silicon
tab portion ofthe shanks and connected to the 3C—SiC shank
and electrodes through interconnections made using standard
microelectronic processing (metal traces, insulation, conduc-
tive via connections, etc.). The device, consisting of signal
and power electronics and at least one implantable shank with
at least one electrode, can be used as the main interface
component of a brain machine interface (BMI) device.

Itwill be seen that the advantages set forth above, and those
made apparent from the foregoing description, are efficiently
attained and since certain changes may be made in the above
construction without departing from the scope of the inven-
tion, it is intended that all matters contained in the foregoing
description or shown in the accompanying drawings shall be
interpreted as illustrative and not in a limiting sense.

It is also to be understood that the following claims are
intended to cover all of the generic and specific features of the
invention herein described, and all statements of the scope of
the invention which, as a matter of language, might be said to
fall there between.

What is claimed is:

1. An implantable neuronal prosthetic for placement in a
brain of a patient for receiving and sending electrical signals,
comprising:

at least one elongated electrode shank adapted for arrange-

ment in the brain having at least one electrode contact
disposed on its surface and arranged to electrically
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couple with the brain, the at least one elongated elec-
trode shank being formed from a single crystal cubic
silicon carbide.
2. The implantable neuronal prosthetic of claim 1, further
comprising:
the at least one electrode contact being formed from the
group consisting of gold, platinum, platinum-iridium
alloys, iridium oxide, stainless steel, tungsten, and tita-
nium nitride.
3. The implantable neuronal prosthetic of claim 1, further
comprising:
an insulation layer of amorphous, polycrystalline, or single
crystal silicon carbide disposed over the elongated elec-
trode shank, the insulation layer of amorphous, poly-
crystalline, or single crystal silicon carbide being
removed from the at least one electrode contact.
4. The implantable neuronal prosthetic of claim 1, further
comprising:
signal control electronics attached to the at least one elon-
gated electrode shank and in communication with the at
least one electrode contact.
5. The implantable neuronal prosthetic of claim 1, further
comprising:
a plurality of the at least one elongated electrode shanks
being arranged into a matrix.
6. A method of manufacturing an implantable neuronal
prosthetic for placement in a brain of a patient for receiving
and sending electrical signals, comprising the steps of:
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forming at least one elongated electrode shank adapted for
arrangement in the brain out of a single crystal cubic
silicon carbide; and

forming at least one electrode contact on a surface of at

least one elongated electrode shank, the at least one
electrode being arranged to electrically couple with the
brain.

7. The method of claim 6, wherein the at least one electrode
contact is formed from the group consisting of gold, plati-
num, platinum-iridium alloys, iridium oxide, stainless steel,
tungsten, and titanium nitride.

8. The method of claim 6, further comprising the steps of:

insulating the at least one elongated electrode shank with

amorphous, polycrystalline, or single crystal silicon car-
bide; and

removing the insulating layer of amorphous, polycrystal-

line, or single crystal silicon carbide from the at least one
electrode contact such that the at least one electrode
contact is exposed.

9. The method of claim 6, further comprising the step of:

attaching signal control electronics to the at least one elon-

gated electrode shank, the signal control electronics
being in communication with the at least one electrode
contact.

10. The method of claim 6, further comprising the step of:

arranging a plurality of the at least one elongated electrode

shanks into a matrix.
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